Abstract. We investigate the use of a fast switching DSDBR tunable laser in a coherent receiver to enable microsecond sweeping time over the C-band. Thomson's Multitaper method is used to estimate spectral slices which are then digitally stitched to form the complete scanned spectrum.
Introduction
The sustained exponential growth of internet traffic necessitates increasingly high capacity communications in optical networks. Current high speed optical telecommunications are based mostly on 28 GBaud optical transmission on a 50 GHz optical grid with different modulation formats. This limits the possible spectral efficiency due to the need for guard bands as well as having a rigid spectrum grid. Hence the emergence of flexible bandwidth Elastic Optical Networking (EON) [1] , as a method to achieve spectrally efficient transmission. This concept requires that the transceiver be able to generate an accurate spectrum estimation, for bandwidth allocation. EONs reconfigure on a millisecond scale, therefore the spectral scanning must be faster. We examine the use of a Digital Supermode Distributed Bragg Reflector (DSDBR) laser [2] in the coherent receiver to provide a fast scanning ability to capture spectral slices, coupled with Thomson's Multi-Taper spectral estimation method (MTM) [3] . The entire estimate of the spectrum is then stitched together from spectral slices as shown in Fig. 1 .
Digital Signal Processing Algorithm
The DSDBR laser is configured to switch across 11 channels spaced 25 GHz apart in 22 μs (see Fig. 2 ). Due to using an OSA with a resolution bandwidth of 0.01 nm to calibrate the operating points of the laser, the mapped grid may not be accurate, necessitating calibration of each channel. The DSP algorithm consists of the following steps.
(1) The MTM is used to estimate the spectrum for each spectral slice. The MTM in step 1 is as follows, Discrete Prolate Spheroidal Sequences (DPSS or Slepian) [4] taper the data samples to create
where y k ( f ) is the kth tapered set of samples, from which the spectrum is estimated. The Slepian sequences are orthonormal, hence the estimation based on each taper is uncorrelated. The number of tapers K applied is based on the selected time bandwidth product BT where K = 2BT , T = Nδt where N is the number of samples, B is the resolution bandwidth and v 
This is the crudest form of the MTM. We choose to use this method since it mitigates the well known problems of bias and variance in spectrum estimation. Each taper is a dimension of the time frequency region and therefore, provides two degrees of freedom, except at the origin and Nyquist frequency. Hence the distribution of the MTM estimation is chisquared with 2K degrees of freedom. The variance of − S ( f ) then decreases when the number of samples increases for a fixed resolution bandwidth. In practice the adaptively weighted average of the |y k ( f )| 2 is used. The initial calibration in step 2 is performed once with a 2 16 samples for a high frequency resolution, the standard deviation of this calibration was found to be 34 MHz across 10 separate sweeps.
Results
Our experimental setup is as shown in Fig. 2 . To maximise the cross correlation, we input an unfiltered optical frequency comb (Fig. 3(a) ) [5] , generated by a 15 kHz external cavity laser (193.29 THz), the comb lines are spaced at 10.7 GHz. The output from the coherent receiver is sampled at 50 GSamples/s for 50 GHz detected bandwidth.
We note that after calibration, less samples are necessary for the estimation, allowing the laser to switch between channels quicker. We show the estimated spectrum ( Fig. 3(b) ) using 64 samples per spectral slice. The limitation on switching speed is then the settling time of the DSDBR laser which is 50 ns [6] . The minimum number of samples required before the frequency offset estimation became inaccurate is investigated and shown in Fig. 4 (a) . The cross correlation performance deteriorated after less than 512 samples. This indicates that the sweeping time is primarily limited by the switching time of the DSDBR laser.
The accuracy of the cross correlation is also affected by the received signal to noise ratio (SNR), we use the highest SNR comb line for reference. The input signal was noise loaded with the maximum possible noise which was then decreased in steps of 2 dB. We see a disparity in the performance of the cross correlation Fig. 4 (b) . This is caused by where the comb lines lie on the detected spectrum. While the detected optical bandwidth is 50 GHz, the electrical bandwidth of the oscilloscope, limits this to 32 GHz, beyond which roll off occurs. At lower SNRs, a comb line is deep in the roll off zone of one spectral slice which is then below the noise floor of the overlapping spectral slice. This leads to the cross-correlation being inaccurate. The overlaps which maintain performance are as a result of having the same comb line in both spectral slices that is not deep into the roll off zone in either.
One benefit of this method is that the spectrum estimation is polarization diverse, enabling estimation of both x and y polarization spectra as well as the combination of both. After frequency offset calibration, we apply the spectrum estimation algorithm to a modulated signal. We show polarization diverse spectrum estimation of the comb in Fig. 5 with 9 channels modulated with 10 GBaud Nyquist shaped PM-QPSK using previously calculated frequency offsets and a frequency resolution of ≈ 0.76 MHz. The polarizations were not aligned at the receiver polarization controller to show a difference between the spectrum estimates. 
Conclusions
We investigated the use of a coherent receiver with a fast switching DSDBR laser, as the local oscillator to perform fast spectrum estimation across the Cband. Based on these results we show the polarization diverse estimated spectrum of 9 channels of 10 GBaud Nyquist pulse shaped PM-QPSK modulated on a 10.7 GHz grid. The DSDBR has a settling time of 50ns, after calibration, for a 50 Gsample/s oscilloscope, 40 samples would be required for a resolution bandwidth of 0.01 nm, rounding up to 64 for FFT efficiency, which would require 1.28 ns. On a 25 GHz grid, a coherent receiver using this DSDBR would be able to sweep the entire optical C-band in less than 10 μs.
